Several techniques have been developed recently for performing time-resolved laser-induced fluorescence (LIF) measurements in oscillating plasmas. One of the primary applications is characterizing plasma fluctuations in devices like Hall thrusters used for space propulsion. Optical measurements such as LIF are nonintrusive and can resolve properties like ion velocity distribution functions with high resolution in velocity and physical space. The goals of this paper are twofold. First, the various methods proposed by the community for introducing time resolution into the standard LIF measurement of electric propulsion devices are reviewed and compared in detail. Second, one of the methods, the sample-hold technique, is enhanced by parallelizing the measurement hardware into several signal processing channels that vastly increases the data acquisition rate. The new system is applied to study the dynamics of ionization and ion acceleration in a commercial BHT-600 Hall thruster undergoing unforced breathing mode oscillations in the 44-49 kHz range. A very detailed experimental picture of the common breathing mode ionization instability emerges, in close agreement with established theory and numerical simulations.
A c c e p t e d M a n u s c r i p t
Introduction
Electric propulsion (EP) systems are presently used for many types of space missions. In such devices, propellant is accelerated to high exhaust velocities via electrical heating or electromagnetic forces (or both) [1] , far outstripping those achievable by the thermodynamic expansion of combustion gases used with chemical propulsion [2] . When undergoing a given orbital maneuver (defined by a velocity change ∆V ), this higher exhaust velocity enables savings in propellant mass, an attractive feature of EP. Such systems also produce a low level of thrust, constrained by the limited available electrical power, that can be sufficient in some mission scenarios (drag compensation, station keeping) but represents a major drawback in other scenarios (e.g. orbit transfer with limited transfer time).
Some electric propulsion devices developed over the past 60 years [3, 4] have matured into established technologies, accumulating extensive spaceflight heritage, including gridded ion engines (GIE) and Hall effect thrusters (HET), while more recent concepts remain at a low technology readiness level. Hall thrusters [5, 6] are one of the workhorses of modern electric propulsion that offer an attractive option for low thrust, high specific impulse mission requirements such as satellite station keeping, orbit raising and deep space travel. As representative examples, the European Space Agency SMART-1 spacecraft [7] used a Hall thruster to move from a geostationary transfer to a polar moon orbit, and several commercial telecommunications satellites leverage Hall thrusters for geostationary orbit north-south station keeping [8] . In the latter case, recent developments have now enabled "all-electric" platforms that utilize Hall thrusters also for orbit raising [9] .
At their core, Hall thrusters are essentially a plasma discharge sustained by a combination of electric and magnetic fields that efficiently ionize propellant (usually xenon) and accelerate the resulting ions to high velocity. Neutral propellant atoms are injected around the anode, located at the closed end of the discharge channel, and diffuse downstream towards the thruster exit plane. Along the way, neutral atoms are ionized via electron-impact collisions with primary electrons provided by an external source (cathode) and secondary electrons from previous ionization events. In the standard annular configuration [5] , a primarily radial magnetic field is applied in a localized region near the exit plane to reduce the axial electron mobility and form a transport barrier between the external cathode and the anode. A primarily axial electric field arises from this enhanced electron resistivity, and an E × B electron drift is established in the azimuthal direction around the annular channel. Ions produced in the discharge channel are mostly unmagnetized due to their high mass, and accelerate electrostatically under the influence of the axial electric field. The typical electrostatic potential difference between the anode and cathode is ∼300 V. The spatial potential distribution is shaped by the local plasma resistivity, resulting in a strong potential drop near the thruster exit plane. The ejected ion beam is neutralized by electrons emitted from the external electron source, preserving the overall charge balance of the spacecraft. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 A c c e p t e d M a n u s c r i p t Despite decades of study, many fundamental physical processes that determine the overall operation of Hall thrusters are still not fully understood and are the subject of ongoing research. Basic information such as where propellant is being ionized, the precise location and form of the accelerating potential [10] , the speed and direction in which ions are ejected [11, 12] , and how electrons are transported across the predominantly radial magnetic field lines of the channel and near field plume [13, 14] are not easily modeled or calculated, and detailed measurements are needed to calibrate existing analytical or numerical models. In addition, a plethora of instabilities and oscillations over a broad frequency range (1 kHz to 60 MHz) [3, 15] can arise in certain operating conditions, further complicating the physical picture. In some cases, their presence might deteriorate the operating efficiency and lifetime of the device. One of the strongest oscillatory regimes is a type of ionization instability called the breathing mode [16, 17] , associated with alternating cycles of efficient propellant ionization, expulsion of ions, and replenishment of neutrals. At a macroscopic level, this process gives rise to intense quasi-periodic discharge current oscillations. This interplay between avalanche ionization and neutral gas transport has been modeled as a predator-prey type relationship [18, 19] between the neutral propellant and ions released behind a traveling ionization front. A first order linear analysis by Fife [18] shows the dependence of the breathing mode frequency f b on the (time-averaged) ion and neutral velocities, v i and v n respectively, and the characteristic length of the ionization zone, L:
This relation yields fundamental harmonics in the 10-50 kHz range, in agreement with experimental observations. Subsequent enhancements have been made to this straightforward description [17, 20] , highlighting the complex interplay between the dynamics of the ionization front, the evolution of the potential topology established in the channel, and the acceleration of ions during breathing mode oscillations. Experiments using both physical and optical probes [21, 22, 23] have indirectly verified this plasma physics picture. There is evidence, however, that the presence of physical probes near regions of propellant ionization and acceleration can perturb the operation of the discharge [24] . So, optical diagnostics, including passive measurements like emission studies [25, 26] and active measurements like laser-induced fluorescence (LIF) [11, 12] , are preferable for experimentally investigating breathing mode dynamics. Only recently have the requisite time-resolved optical diagnostics become available for a close, noninvasive examination of the interior of the discharge channel with high spatial and temporal resolution. Previous time-resolved LIF studies of Hall thrusters [27, 28, 29, 30] have uncovered temporal modulations in the ion velocity and probed metastable ion density due to the breathing mode. (Note that most LIF experiments probe the metastable xenon ion level, which is linked to the ground state or absolute xenon ion density through a complex network of collisional and radiative processes [31, 32] .) Many such studies used methods for time resolution that only permitted measurement in a few locations in the Hall thruster plume or at a restricted Page 3 of 28  AUTHOR SUBMITTED MANUSCRIPT -PSST-102376.R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t set of operating conditions to complete experiments in a reasonable amount of time. This paper presents a brief review of the development of LIF for Hall thrusters, and, in particular, the more recent extension of LIF to study thruster time-dependent xenon ion velocity fields. We illustrate the application of a particular time-resolved continuous-wave LIF technique, the sample-hold method, to several spatial locations in the channel of a commercial BHT-600 Hall thruster operating in a strong breathing mode condition. The various phases of breathing mode physics are now able to be recovered experimentally in much higher detail than previously available and are discussed in the context of the preceding literature. Ion velocity distributions, obtained throughout the channel and near-field plume, are resolved over the oscillation period, tracking the progression of the electric field and propellant ionization front in both space and time. This study produces a complete breathing mode dataset for model validation and calibration, bringing new insight into the complex physics of the breathing mode.
The paper is organized as follows. Section 2 discusses the LIF diagnostic as historically applied to plasma propulsion devices and presents a short review of the various approaches for time-resolved LIF recently deployed by the community [33, 34, 27, 35, 36] . Section 3 describes the commercial BHT-600 Hall thruster and discusses the emerging physical picture of breathing mode dynamics derived from a large dataset of time-resolved LIF data. Concluding remarks appear in Section 4.
Laser-Induced Fluorescence in Electric Propulsion

Brief History of Xe LIF
The application of laser-induced fluorescence (LIF) measurements to Hall thrusters grew out of the successful development of laser fluorescence velocimetry of hydrogen in arcjet thrusters [37, 38, 39, 40, 41, 42, 43] . Initial studies in Hall thrusters focused on probing the velocity of the excited xenon neutrals and ions using argon-ion pumped ring-dye and early solid state continuous-wave lasers [44, 45, 46, 47, 48] . Transition selection was critical, as diode lasers were becoming readily available near the infrared-visible boundary of the spectrum.
In neutrals (Xe I), favorable results were obtained using the 6s [ [44] . In both cases, the shift of the center of gravity of the spectral absorption feature afforded a relatively straightforward measurement of the mean velocity. However, the narrow linewidth of the diode lasers and narrow absorption features due to the relatively high atomic weight of xenon required accounting for the complex isotopic and hyperfine structure of the transitions to extract velocity distributions. Scant data was available for the 834.7 nm ion line's optical constants.
The 5d [3] A c c e p t e d M a n u s c r i p t transition for Hall thruster ion velocimetry [45, 46] . The optical constants for this transition were documented, and the ion velocity distributions could be deconvolved from the measured excitation lineshapes [49] . However, at the time, this transition was only accessible with more cumbersome argon-ion pumped ring-dye lasers. Attempts to use velocity distributions extracted from LIF measurements of the 605.1 nm transition to determine the optical constants of the 834.7 nm transition encountered challenges [50] .
Despite the lack of spectroscopic constants preventing precise lineshape deconvolution, the 834.7 nm transition has remained the transition of choice for studying the ion dynamics in Hall thrusters [11, 51, 52, 53, 54, 55] , and providing at least a firstorder description of the ion velocity distributions [12] . Because of the relatively strong signal to background, the 834.7 nm transition was also the candidate transition for the development of the first time-synchronized LIF studies on xenon cusped-field thrusters [33, 56] . It was also subsequently used in the first demonstration of the time-resolved sample-hold diagnostic on Hall thrusters [57, 30] , which is described in further detail below. This section provides a brief overview of a typical laser-induced fluorescence experimental setup for use with electric propulsion systems, illustrated in the block diagram of Fig. 1 . Much further detail may be found elsewhere [58, 59, 12, 60] . For the standard heavy atom propellants used in electric propulsion (krypton, xenon), typical valence electronic transition lineshapes are a few GHz in width. Continuous wave (CW) A c c e p t e d M a n u s c r i p t lasers, with linewidths of order ∼50 kHz, afford much higher spectral resolution than pulsed lasers for use with these lines [33] . Finely tunable CW diode lasers are easy to operate and can be custom matched to the target transition, making them an attractive option for modern LIF diagnostics of EP systems. Tapered amplifiers can also be employed to boost laser power [30] .
LIF Experimental Setup
A tabletop wavemeter provides a visual reference of the laser frequency as it scans across the target transition. A precise measurement of laser frequency is made with a Fabry-Pérot interferometer, which produces fixed frequency markers at intervals of the free spectral range (FSR) (typically 0.3-1.5 GHz), and an absolute reference that must be obtained from a stationary source. One convenient choice is a hollow cathode discharge, where the zero-velocity frequency reference of the target LIF transition (or a nearby line of sufficient signal strength) can be obtained either from an absorption trace [56] or an optogalvanic measurement [30] (requiring a separate optical chopper plus lock-in amplifier system for homodyne detection of the optogalvanic signal). This information enables a highly accurate reconstruction of the instantaneous laser wavelength over time, allowing for the particle velocity distribution function (v) to be inferred from the observed Doppler shift of the target lineshape (∆ν) away from stationary line center (ν 0 ) using the equation:
where c is the speed of light. The bulk of the laser power is directed through an optical chopper (generally operating at ∼1-2 kHz) to amplitude modulate the beam, and thus the resulting LIF signal, for phase-sensitive detection with a lock-in amplifier. One particular challenge for LIF with EP is delivering the beam through the harsh plasma environment inside the test chamber and recovering the LIF photons. Systems have successfully used both optical fibers and free-space laser propagation for this task, although any optical components and windows subject to coating by sputtered material or bombardment by high energy ions released from the EP device will have a finite usable lifetime. A photomultiplier tube (PMT) with appropriate spectral filters narrows the collection range to just near the target transition, mitigating the bright broadband background emission from the plasma source. If the PMT signal is directed straight to the lock-in amplifier, a timeaveraged measurement of the LIF lineshape is obtained via phase-sensitive homodyne detection. For time resolution, additional processing of the raw PMT signal must be completed before the lock-in, or different electronics are employed altogether. Various techniques for accomplishing this are described in the following section.
Methods for Time-Resolution with LIF
Several techniques for obtaining time resolution in continuous wave laser-induced fluorescence studies of continuously operating plasma propulsion devices have been proposed in the literature over the past several years and are reviewed in this section. A c c e p t e d M a n u s c r i p t (Note that additional time-resolved LIF studies using pulsed discharges have also been conducted [61, 62, 63] .) All of the methods have advantages and disadvantages that make them more or less applicable in any given situation. One will notice that most techniques achieve high resolution in one aspect of the velocity distribution functions (VDFs) under measurement -either time (VDF evolution) or laser wavelength/velocity space (smoothness of each VDF) -and requires repeating the measurement process several times to build up a much lower resolution in the other variable. All but one method (transfer function averaging) requires quasi-periodic (drifting) or strictly periodic (driven) oscillations to be present in the plasma source in order to provide a time reference for obtaining the time-resolved LIF lineshape. Table 1 summarizes these qualities for each of the six methods discussed below. Sample-Hold (SPPL) [69, 33, 57, 30, 60] Fast Switching (SPPL) [70, 60] 2.3.1. Photon Counting Method Developed by ICARE at CNRS Orléans, France, the photon counting method [34, 28, 64] consists of a series of 100 ns time bins that acquire data when triggered by a signal that is synchronized with the periodic oscillation. Detected photons are distinguished from background noise with a fast amplifier and discriminator module that produces one TTL pulse per detection event. Events are tallied and either added to the running totals in each time bin when the mechanically chopped laser beam is illuminating the discharge (fluorescence plus background), or subtracted from the running totals when the beam is blocked (just background). After 10 5 -10 6 cycles at one fixed laser frequency, sufficient signal-to-noise is achieved and the A c c e p t e d M a n u s c r i p t process is repeated at several laser frequencies to build up the time evolution of the LIF lineshape.
Since the time bins are created relative to an external trigger that is not necessarily dependent on the frequency of the discharge oscillation, the photon counting method is applicable to both natural and driven oscillating systems. However, the researchers chose to drive the discharge when applying this method to Hall thruster diagnostics to ensure a stable frequency regime. One technique, periodically extinguishing the discharge at 2.5 kHz with a fast switch on the anode power supply, was shown to interfere with normal thruster operation [28] . The authors assert that a second approach, modulating the cathode keeper voltage near the 17 kHz natural breathing mode, perturbs the discharge much less [64] . This method has been applied to xenon ion LIF at a few locations in the plume and channel of various thrusters (200 W, 1.5 kW, 5 kW).
2.3.2.
Heterodyne Method The heterodyne method for time-resolved LIF was developed by researchers at the Princeton Plasma Physics Laboratory [65, 66, 27] and applied to measuring xenon ion velocity distribution functions (IVDFs) in the Cylindrical Hall Thruster (CHT) [71] . A sinusoidal modulation of 3-30 V is externally applied on top of the 220 V anode potential at a given frequency ω D . The technique then assumes a decomposition of the ion IVDF f (t, x, v) into harmonics of ω D [27] :
where θ n is the phase shift associated with each harmonic n. The zeroth order component f 0 (x, v) (which is not the same as the time-averaged IVDF) is obtained from the lock-in by mixing the PMT signal with an internal reference at the laser chopping frequency ω L , as usual. For the higher harmonics f n (x, v), the PMT is mixed with internal references at: ω L ± nω D , the process from which the method derives its name.
The authors found that at one location in the thruster plume, the contributions from the second order component f 2 and above (n ≥ 2) were negligible. A comparison of time-averaged traces with DC voltage applied to the anode near the extremes of the AC modulation (207 V and 233 V) showed how the increased voltage shifted the IVDF to higher velocities; thus, the authors expected the AC anode potential modulation to induce a "sloshing" of the IVDF in the axial direction and constructed a model demonstrating this effect. The heterodyne method achieves high resolution in velocity space with the use of a scanning tunable diode laser, and the time resolution is restricted by the number of harmonics able to be resolved. Since parallel acquisition of harmonics is possible, with separate lock-ins tuned to different mixing frequencies ω L ± nω D , the overall measurement time could be reduced relative to the photon counting and other methods. However, depending on how sharply the IVDF changes in time and how many harmonics are resolvable, this method could suffer a loss of accuracy in distinguishing the true form of the IVDF evolution. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
Transfer Function Averaging Method Developed by the Plasmadynamics and
Electric Propulsion Laboratory at the University of Michigan, the transfer function averaging method for time-resolved LIF is a computationally intensive approach that may be applied to systems exhibiting natural or driven oscillations, in addition to more randomized transition regions where no clear coherent oscillation is present [67, 35, 29, 68] . The method attempts to track approximate real-time shifts in the IVDF on the time scale of discharge current perturbations by defining an average transfer function in the frequency domain H[k] that describes the output fluorescence signal F [k] at a single wavelength for a given input discharge current traceĨ D [k]:
where [k] is the discrete vector index for the quantities defined in the frequency domain. The time evolution of the full IVDF is then constructed by feeding the same characteristic current trace into all of the calculated transfer functions. The technique obtains high time resolution and must be applied repeatedly for each laser wavelength to build up the IVDF. Discharge current and PMT signals are digitized at 20 MHz for 60 seconds at each wavelength. The transfer function method uses an acousto-optic modulator to chop the exciting laser beam at 1 MHz in a region of low spectral noise density. The PMT signal enters a 0.9-1.1 MHz bandpass filter before digitization and demodulation from the 1 MHz chopping frequency with digital phase-sensitive detection software using a short time constant of 2 µs, preserving time resolution at the targeted scale. The current and PMT signals are divided into blocks and transformed into the frequency domain with a discrete Fourier transform (DFT). The transfer function for each block is then calculated and averaged together to form H[k] . After multiplying by the characteristic current trace, the resulting fluorescence trace F [n] in the time domain is obtained with an inverse DFT. This technique assumes that the plasma source is a time-invariant linear system in which the linear transfer functions remain constant, and that the average estimated transfer function H[k] approaches the exact transfer function as the number of blocks increases. The method was demonstrated at a single point in a hollow cathode discharge with driven periodic oscillations [67, 35] and used to study IVDFs at three spatial locations and three magnetic field settings in a 6 kW Hall thruster [29, 68] .
Boxcar Method
The Boxcar method for time-resolved LIF was proposed by N. A. MacDonald [69] of the Stanford Plasma Physics Laboratory (SPPL) and resembles the photon counting methodology. While the laser scans slowly, long traces of discharge current, PMT signal, and chopper signal are stored at high resolution and digitally post-processed. PMT and current signals are partitioned into oscillation cycles (∼40 during a period of essentially constant laser wavelength) that are defined by locating current peaks, a technique used by Smith [72] for synchronizing time-resolved plasma probe data with discharge current oscillations. PMT cycles that occur while the laser is illuminating the discharge (fluorescence plus background signal) are averaged A c c e p t e d M a n u s c r i p t together, while those that occur while the laser is blocked by the mechanical chopper (just background) are averaged and subtracted from the total. Cycles in which the chopper transitions states partway through are discarded. After the time history of the fluorescence trace is obtained for each discrete laser wavelength, the time evolution of the IVDF is constructed by grouping the data from all wavelengths into common time bins. A baseline offset for each IVDF requires correction. The method has the advantage of obtaining full time and velocity space resolution in a single laser scan, reducing test time, with the time resolution limited by the data digitation rate, resolution, and storage capacity.
After applying the method to two numerical simulations of experiments with current oscillations at 60 Hz (tabletop xenon discharge tube) and 3 kHz (target frequency range for a plasma thruster measurement), MacDonald concluded that while the Boxcar method worked well for perfectly coherent discharge current oscillations (constant frequency spectra in time), the sample-hold method (described below) held more promise for interrogating quasi-periodic systems where oscillations may not be exactly repeatable. In this situation, the Boxcar method would require an extra step of stretching or compressing the signals to a common cycle duration (period) for the time domain addition/subtraction process to work, adding noise.
Sample-Hold Method
The sample-hold (also known as sample-and-hold) method for achieving time resolution with LIF was also developed at the SPPL [69, 56] and first demonstrated on a 60 Hz discharge [33] . It has since been applied to variety of EP systems, including cusped field thrusters [56] and Hall thrusters [30, 57, 60] , enabling time-resolved IVDFs to be obtained in several operating conditions and spatial locations around the thruster channel and plume. This technique is applicable to both driven and naturally oscillating discharges, tolerating some amount of frequency drift in the system, and is described in much further detail elsewhere [60, 36] . This method is used for the extensive measurements on the BHT-600 commercial Hall thruster presented in Section 3. Its primary advantages lie in its scalable hardware implementation and similarity to the standard time-averaged LIF process that makes for easy reuse of existing methodologies, data analysis software, and experimental intuition.
As illustrated in Fig. 2 , sample-hold processing is applied to the raw PMT signal, before the lock-in amplifier extracts the fluorescence excitation lineshape. Essentially, only signal that originates during a short time window (that is synchronized to the phase of the reference oscillation in the plasma source) is allowed to pass to the lockin, ensuring that the resulting LIF trace is representing only that single time interval. The method achieves high resolution in laser wavelength/velocity space and must be repeated for each time point to build up the evolution of the LIF lineshape.
Usually the plasma discharge current is used as the representative oscillating signal, although other sources like optical emission collected with a photodiode or a periodic current or voltage spike recorded by a physical probe in the discharge could also be used. The discharge could even be pulsed assuming repeatable physics occur after each event.
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Once the zero phase trigger is generated, once per oscillation cycle, a digital delay generator produces a TTL pulse (blue in Fig. 2 ) of width τ that is delayed ∆t from the comparator trigger. The fluorescence signal collected inside each acquisition gate is averaged by a dedicated circuit and held until the following gate, at which point it is updated with the new value (green in Fig. 2a) . This effectively rejects all other signal originating outside the desired phase in the current cycle, while maintaining a nonzero input signal level to the lock-in amplifier that proceeds with phase-sensitive homodyne detection. The acquisition gate is parked at the desired phase of the oscillation period and a full laser wavelength scan is performed, reconstructing the LIF transition lineshape at the specific time delay ∆t. The time evolution of the LIF lineshape is then obtained by repeating laser scans at various delay times along the full current cycle. Since all time information is contained within the PMT signal during a single laser scan, A c c e p t e d M a n u s c r i p t multiple sample-hold branches, each with their own dedicated sample-hold circuit and lock-in amplifier, may be utilized to extract LIF lineshapes at several different delays ∆t simultaneously in parallel.
The optical chopping frequency f c employed for this method is lower than the characteristic frequency f 0 of the plasma oscillation so that multiple sample-and-hold signal updates occur within one laser modulation. Typically f 0 /f c ≈ 4-25, providing the lock-in with sufficient variation in the fluorescence signal despite the averaging. A laser modulation frequency of f c = 1-2 kHz is typically used for Hall thrusters with breathing mode frequencies in the f 0 = 20-50 kHz range. To date, the sample-hold method has only been demonstrated on systems with up to 50 kHz oscillations; however, the measurement technique could be extended to higher frequencies (hundreds of kHz or higher) with the proper hardware.
Fast Switching Method
The fast switching method, also developed by the SPPL [70, 60] , operates much in the same way as the sample-hold technique. As illustrated in Fig. 2 , the only difference arises in the way the PMT signal is sampled inside the measurement gate before entering the lock-in. In this method, the instantaneous PMT signal is allowed to pass unmodified to the lock-in during the measurement window, but is cut off to a null value by a fast semiconductor switch outside of the target phase range of the oscillation. The switch is triggered by the measurement gates produced by the pulse delay generator. The laser chopping frequency must now be much higher than the characteristic frequency of the discharge (f c /f 0 ≈ 50-100) to provide the lockin with a clear frequency component at f c . This procedure has the added benefit of operating in a higher frequency regime where the background spectral noise density is usually lower. The method has been applied to a 60 Hz evaluation study applying a laser chopping frequency of f c = 4.6 kHz. For use with Hall thrusters and other higher frequency systems, an acousto-optic device may be used for modulating the probe laser beam up to a few MHz, as demonstrated previously [62, 35] .
Application: Time-Resolved Velocimetry of a BHT-600 Hall Thruster
In this section, the sample-hold method of Section 2.3.5 is applied to a time-resolved LIF velocimetry diagnostic of a commercial BHT-600 Hall thruster. The thruster operates in a quasi-periodic mode that supports a strong breathing oscillation [16, 17] measurable in the channel of the device. By leveraging hardware parallelization of the sample-hold measurement, we are able to significantly increase the data acquisition rate over previous instantiations of the system [30, 56, 33] and capture the ionization and propellant acceleration dynamics of the breathing mode with high spatial and temporal resolution. 
BHT-600 Hall Thruster
The BHT-600 is a high-efficiency mature propulsion system that nominally produces 39 mN of thrust with a specific impulse of 1500 s at 600 W of power [73] . The thruster can operate between 200-800 W with xenon, krypton, or iodine propellants, and uses an externally mounted BHC-1500 barium oxide hollow cathode for plume neutralization. The thruster mass is 2.6 kg, while the cathode mass is 0.2 kg. The thruster features a short ion acceleration zone located midway along the discharge channel of outer radius 32 mm, inner radius 24 mm, and depth 10 mm. The magnetic field is produced by four outer magnetic coils and one inner coil, which is operated independently to optimize the field topology. Figure 3 shows a side view of the BHT-600 operating on xenon, along with the dimensions and coordinate system used for this study. This thruster has been studied extensively using both electrostatic probes and various optical diagnostics [74, 75, 76] . The thruster is operated at 300 V anode potential with 2.21 mg/s (22.5 sccm) of xenon propellant flow. In this condition the BHT-600 draws 2.05-2.15 A of discharge current, with some drift observed in day-to-day operation. The cathode consumes 147 µg/s (1.5 sccm) of xenon propellant. Both magnet coils are operated with 1.75 A. With these settings, the BHT-600 experiences breathing mode oscillations of the discharge current in the 43-50 kHz range. Anode current traces reveal a daily drift in the oscillation frequency, with the lowest observed to be 44 kHz ± 0.6 kHz and the A c c e p t e d M a n u s c r i p t highest observed to be 49 kHz ± 1.1 kHz. Here, the uncertainty is given as the standard deviation of a Gaussian profile fit to the fundamental frequency obtained from an FFT. One representative discharge current trace and its spectral content is shown in Fig. 4 , as well as the measured anode voltage and typical optical emission signal recorded by a photomultiplier tube (PMT). At the time of measurement, the BHT-600 is oscillating at 48 kHz with a mean cycle period of 20.8 µs. The discharge voltage and current traces are offset by 180
• in phase. The negative PMT signal increases in phase with the current, indicating greater background excited ion production and emission near the monitored wavelength of 542 nm when the discharge current is high. All three signals show a strong component at the breathing mode frequency of 48 kHz, in addition to higher harmonics. 
BHT-600 Experimental Setup
LIF measurements for this study are performed in Chamber 6 at the Air Force Research Laboratory (AFRL) at Edwards AFB, CA. This facility, described elsewhere [69] , is capable of achieving a base pressure of around 10 −6 Torr and a background pressure during thruster operation of about 4 × 10 −5 Torr (uncorrected for xenon). The 1.8 m diameter, 3 m long chamber is stainless steel, non-magnetic, and provides a xenon pumping speed of 32,000 L/s using four single stage cryogenic panels (25 K) and one two-stage cryogenic pump (12 K). Three motorized translation stages mounted in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t perpendicular directions provide fine control over the thruster position to sub-millimeter precision.
The laser-induced fluorescence optical setup at AFRL [77, 54] follows the typical layout described in Fig. 1 and Section 2.2. Further detail is shown in Fig. 5 . Xenon ion velocity measurements are performed by probing the 5d [4] 7/2 -6p [3] o 5/2 Xe II transition (834.953 nm vacuum) with ∼23 mW of diode laser power. The probe beam, generated by a TA-7600 tapered amplifier seeded by a New Focus TLB-6817 tunable diode laser, enters the chamber through a window directly in front of the thruster for axial velocity measurements (−ẑ in Fig. 3 ), or is diverted through a second window (not shown) and turned 90
• with a mirror to run parallel to the exit plane for radial measurements (+x direction). The resulting fluorescence from the 6s [2] 3/2 -6p [3] o 5/2 transition at 542.1 nm (vacuum) is collected along a line ∼60
• from the main thruster axis, filtered through a 125 mm focal length monochromator with a bandwidth of a few nanometers, and transformed into an electrical signal with a Hamamatsu R928 PMT (15 kΩ shunt) for determining the Doppler shift of the fluorescence excitation spectrum. Two 100 mm diameter, 200 mm focal length lenses are used in this system with 1:1 magnification, and the intersection of the monochromator entrance slit geometry of ∼0.7 mm × 1.5 mm with the sub-millimeter focused probe beam defines the ∼1 mm The sample-hold method is used for obtaining time resolution in the measured ion velocity distribution function lineshapes. As shown in Fig. 5 , the PMT voltage signal may be split N ways into separate sample-hold circuit plus lock-in amplifier channels for simultaneous data collection. The data reported here were obtained using N = 6 channels, enabling 24 total LIF lineshapes to be collected in four successive laser scans across the Doppler-shifted transition. One measurement is reserved for the timeaveraged LIF lineshape at each spatial location (bypassing the sample-hold circuit), leaving 23 points for time-resolved LIF data that are taken in 1 µs increments with 1 µs gate widths.
Time-resolved LIF data is obtained at multiple spatial locations in the −ŷ portion of the BHT-600 channel, defined according to the coordinate system shown in Fig. 3 . Note that the cathode is located above the channel in the +ŷ direction, and the collection lens is located on the −x side of the thruster. The axially-oriented exciting laser is launched in the −ẑ direction, and the resulting Doppler shifts are plotted such that ions with a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t positive velocity are traveling in the +ẑ direction.
Results and Discussion
This section examines the time-averaged and dynamical behavior of the axial ion velocities in the 10 mm long BHT-600 channel. Ions are accelerated over a sharp potential gradient located in the downstream half of the channel, reaching close to their maximum velocity within the first few millimeters into the plume. This contrasts with the primarily external ion acceleration observed in other thrusters with different channel aspect ratios. One such device, the Stanford Z-70 Hall thruster [30, 60] that closely resembles those of the SPT family, will be used here to make instructive comparisons with the present data. Figure 6 displays the time-averaged axial ion LIF data obtained along the channel centerline (y = −28 mm), both in the channel and out into the plume. The dotted lines depict the time-averaged traces without sample-hold processing, while the solid lines show the integral average of the time-resolved traces (described in the following section). This offers a validation of the sample-hold method that it is indeed recovering accurate dynamic information over the whole oscillation period. It is clear from the time-averaged data that the greatest ion acceleration occurs between about z = −4 mm and z = 0, with some additional gain in velocity achieved out into the plume. Here, the ion velocity distribution functions (IVDFs) experience substantial broadening. This effect is likely due to the breathing mode dynamics of a moving ionization and acceleration front traversing this area, as described in the following section. As shown in Ref. [30] , a narrow IVDF moving in time can make the timeaveraged trace appear broadened. Not much additional acceleration is achieved in the plume past z = ∼6 mm. The highest LIF intensity, proportional to the metastable ion lower excited state population density, is observed near z = −6 mm, indicating that this region is likely the primary zone of ionization in the BHT-600. There is no evidence of low velocity ion populations in the first centimeter of the plume in the time-averaged data.
Time-Averaged
The time-averaged ion velocities measured here can be used to validate the predatorprey prediction of the BHT-600 breathing mode frequency using Eqn. 1. Figure 6 shows ions accelerating to a velocity of roughly 16 km/s across an 8 mm section of the discharge channel. Assuming a time-averaged neutral velocity of around 350 m/s (suggested by neutral xenon LIF measurements of the Z-70 Hall thruster and other similar discharges, see Fig. 6 of Ref. [30] for example), a simple estimate of the breathing mode frequency yields f b = 47 kHz, within the range of observed values between 44-49 kHz.
Time-Resolved
Moving to the time-resolved data, Fig. 7 shows the variation in most probable ion velocity (a) and peak lineshape intensity (b) over the period of a typical discharge current oscillation (c) along the thruster acceleration channel 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Figure 6 . Time-averaged LIF traces of the axial ion velocity along the BHT-600 channel centerline (y = −28 mm). The anode is at z = −10 mm and the exit plane is at z = 0. The integral average of the time-resolved traces (solid lines) matches the time-averaged traces (dotted lines) taken without sample-hold processing.
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centerline (y = −28 mm). The boxes at right show equivalent results obtained from timeaveraged LIF velocimetry. The most probable ion velocities are shown here normalized by the total variation over the cycle for each location: (V − V min )/(V max − V min ). This highlights the similar profile of the velocity modulations over time, despite differing overall magnitudes as the ions accelerate downstream. Throughout the channel, the velocities reach their maxima about one quarter oscillation period after the discharge current peak (90
• phase lag). The velocities then fall, reaching their minima as the discharge current begins its next ramp up.
The variations in the peak intensity of the measured fluorescence excitation lineshapes also follow the same overall trend throughout the acceleration channel. The intensity profiles closely track the current oscillation, and at some spatial locations the small inflections seen in the first 8 µs of the current trace can be observed in both the intensity and velocity plots. The relative fluorescence intensity at a given phase in the current cycle is related to the instantaneous metastable Xe II probed state density (5d [4] 7/2 ), which is linked to the ground state xenon ion density through complex collisional-radiative processes [31, 32] .
It is informative to compare these results with simulations and similar A c c e p t e d M a n u s c r i p t measurements made on Hall thrusters with different channel geometries and operating conditions. Upon comparison with Ref. [30] , one will notice similarities in the ion velocity and intensity modulations between the BHT-600 and the Stanford Z-70 Hall thrusters: the main ion population achieves maximum velocity in the current trough and the fluorescence intensity is in phase with the current. This pattern is in agreement with other probe-based breathing mode studies [23] and numerical models [78, 17, 16, 79, 80] . For example, Bareilles et al. [78] used a two-dimensional (radial-axial) particle-in-cell (PIC) code to study strong ionization oscillations in a Hall thruster similar to the SPT-100. Figures 6 and 7 [80] . The discharge current increases as the ionization front moves upstream, consuming neutral propellant and increasing the population of free electrons. The fluorescence intensity consequently increases as the ion population grows, and the ionization rate reaches its maximum in the peak magnetic field region. (For the simulated thruster, this is near the exit plane and the ion acceleration front extends outside the thruster; in the BHT-600 this is essentially confined within the 10 mm channel.) At the discharge current peak, the ionization rate is maximized and the ionization zone spreads over a larger volume of the discharge channel, strongly depleting the neutral population. The newly generated ions accelerate out of the channel according to the local potential field, which is also changing with time. Ions obtain their maximum velocity after the point of peak ionization as the electric field peaks, and the ion density (and measured intensity) necessarily falls as the ions accelerate. The ionization front moves back downstream during the discharge current trough, the neutral population builds, and the cycle repeats as the discharge current ramps up again.
Further insight is gained from plotting the evolution of the IVDFs over the full channel in Fig. 8 . LIF scans collected over a gate width of 1 µs are arranged vertically in the contour plots, maintaining their relative signal intensity, and each panel is normalized by the overall maximum value. The data taken over one cycle are repeated to evoke the periodic nature of the modulations. The anode is located at z = −10 mm (bottom of the figure), the exit plane is at z = 0 (top), the inner channel wall is at y = −24 mm (left), and the outer channel wall is at y = −32 mm (right). The contour plots highlight the spatial and temporal extent of ion acceleration in the BHT-600 channel. Only minimal radial variations are observed in the time-resolved velocity profiles, indicating a primarily 1D axial ion acceleration in the channel. At z = −8 mm near the anode, the magnitude of the velocity modulation is small and some ions attain a slightly negative velocity. This behavior can be attributed to a gradient-driven field reversal, often seen in hybrid Hall thruster simulations [81, 82] . Moving downstream to z = −6 mm, the velocity distributions widen slightly and noticeable temporal variations become apparent. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Figure 8 . Time-varying axial ion velocity distributions for a typical breathing mode current cycle (repeated three times for effect) at several locations in the thruster channel. The anode is at z = −10 mm and the exit plane is at z = 0. The current trace orients the time axis in the bottom panels. The contour plots are normalized to the peak LIF signal intensity in each frame. The maximum signal intensities moving from z = −8 to z = 0 along y = −28 mm are 195, 550, 375, 435, and 435 µV, respectively.
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The majority of channel acceleration occurs near z = −4 mm, where the velocity distributions broaden significantly and show large temporal variations over the course of the current cycle. This suggests that both the spatial extent of propellant ionization and local potential significantly fluctuate in this region, with the resulting most probable ion velocities ranging between 6-14 km/s. Closer to the channel exit at z = −2 mm and z = 0, the IVDFs narrow again and the magnitude of the velocity fluctuation is less pronounced, indicating that by this location the majority of ions have been accelerated evenly. Moving out into the plume, the temporal velocity modulations continue to diminish in strength and not much additional ion acceleration occurs. Figure 9 illustrates the progression of a moving acceleration and ionization front in the channel over the breathing mode cycle, with the time-averaged data appearing at the bottom for comparison. Here, the most probable velocity (left column), calculated axial electric field (middle column), and peak LIF intensity (right column, surrogate for metastable ion density) are plotted over the channel and out into the near field at several different snapshots in time. The corresponding discharge current trace may be found in Figs. 7 and 8. LIF measurement points are indicated by symbols ( ).
Using the most probable velocities, v z , obtained from the LIF peak locations, one can estimate the time-resolved axial electric field E z (t) in the BHT-600 channel with the following equation [28, 10] :
where m i is the xenon mass, e is the fundamental charge. This simplified equation may be derived from the ion momentum equation and assumes a steady-state, 1D, collisionless plasma in the axial direction, with either cold ions or a uniform ion density inẑ to cancel the pressure tensor (a major assumption). Thus, this should be taken as a rough approximation only. Further discussion on calculating electric fields from LIF data may be found in Refs. [28, 83, 84] . Small negative values in the electric field near the anode introduced through numerical noise and uncertainty in the velocity measurement have been forced to zero. The measured or calculated quantities are interpolated throughout the remainder of the domain using an inverse-distance method [33] , where φ s are the source points known from LIF and φ d is the interpolated value at the destination point:
The weighting function w s is determined by the distance D between the source and destination points and a weighting factor E, chosen here to be 3.5 [33] . This value gives more weight to immediately adjacent source points and yields good smoothing. The white boxes in the upper and lower portion of each panel represent the channel walls. A clear picture of the breathing mode emerges from this viewpoint, in agreement with simulation-based studies from the literature [78, 17, 16, 79, 80] . (A particularly   Page 22 of 28  AUTHOR SUBMITTED MANUSCRIPT -PSST-102376.R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Figure 9 . Time-resolved most probable axial ion velocity, electric field, and peak LIF intensity throughout the channel and near-field plume of the BHT-600 presented at several snapshots in time. The corresponding (intensity-weighted) time-averaged data appears at the bottom for comparison. The channel walls are represented as white boxes.
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AUTHOR SUBMITTED MANUSCRIPT -PSST-102376. R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t effective comparison is again made against Fig. 7 of Bareilles et al. [78] , noting that the discharge current peak at 99 µs in that study corresponds to ∼16 µs here.) As the discharge current ramps up between ∼8-14 µs, the accelerating potential drop (electric field peak) is located furthest downstream. The channel has been refilling with neutrals before the start of the next cycle, plume velocities are lowest (some accelerated ions from the previous cycle are still apparent at t = 8 µs), and the metastable ion density (LIF intensity) begins to build out of the minimum in the trough. Then, more ions are produced and accelerated as the ionization front and potential drop progress upstream during the ∼14-20 µs interval of peak discharge current. Ion production seems to be concentrated in the center of the channel, peaking at 18 µs at z = −6 mm, upstream of the region traversed by the oscillating electric field and accelerating potential. As the current falls past 20 µs to ∼2 µs after the trigger, the electric field peaks and the acceleration zone reaches its maximum extent upstream. Here, ions are strongly accelerated over a short distance between z = −5 and z = −3 mm, and plume velocities approach their maximum. Ion density begins to fall as ions accelerate away from the channel and the ionization rate slows with the depletion of the neutral propellant. Finally, the acceleration zone moves downstream again while the current is minimum and neutrals refill the channel between t = 2-8 µs. Ions remaining in the near-field plume have achieved maximum velocity due to the recent peak in electric field, and the LIF intensity is lowest. This pattern of time variation in the thruster electric field has also been reproduced by the two-dimensional particle-in cell (PIC) simulations of Yang et al., as illustrated in Fig. 8 of Ref. [80] and described in the associated discussion. The authors observe the maximum electric field during the current trough and the minimum electric field near the time of maximum plasma density.
Finally, the time-averaged data at the bottom of Fig. 9 shows how the narrower time-dependent features have been smeared over a larger area with reduced peak magnitude in the average. Recall that this data is an intensity-weighted average of the time-resolved features, so the data obtained in the high current interval is more heavily weighted.
Conclusion
In recent years, several techniques have been developed worldwide to perform timeresolved LIF measurements in oscillating plasmas. One of the main applications of these novel architectures is the study of plasma fluctuations in Hall thrusters, achieving highfidelity, nonintrusive measurements of the time evolution of the ion velocity distribution function (IVDF). This paper compares and contrasts these techniques in detail and applies one of the methods, the sample-hold approach, to the study of a commercial BHT-600 Hall thruster undergoing unforced quasi-periodic breathing mode oscillations.
Time-resolved continuous wave LIF measurements of metastable xenon ion velocities reveal subtle details about the physical mechanisms governing ionization and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t ion acceleration in this device. A parallelized sample-hold scheme with multiple data acquisition channels enables collection of a large dataset of time-resolved information throughout the channel at a single operating condition. Measurements are synchronized with the 44-49 kHz breathing mode oscillation characteristic of such thrusters.
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